First-principles calculations reveal half metallicity in zigzag boron nitride (BN) nanoribbons (ZBNNRs). When the B edge, but not the N edge, of the ZBNNR is passivated, despite being a pure sp-electron system, the ribbon shows a giant spin splitting. The electrons at the Fermi level are 100% spin polarized with a half-metal gap of 0.38 eV and its conductivity is dominated by metallic single-spin states. The two states across at the Dirac point have different molecular origins, which signals a switch of carrier velocity. The ZBNNR should be a good potential candidate for widegap spintronics.
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Half metallicity is at the forefront of spintronics study [1, 2, 3] . Half metallicity occurs when one of the electron spins shows insulating behavior while the other shows metallic behavior [4] . If one drives a current through such a half metallic system, the current will be 100% spin polarized. Obviously, 100% spin polarization could have many potential spin-related applications [1, 2] . For sometime now, it is understood that transition metal (TM)-containing systems such as ferromagnetic manganese perovskite will show half metallicity [5, 6] . The TM systems, however, may not be compatible with many of the matured technologies today that rely heavily on main group semiconductors. Heavy TM elements also often act as poison agents in biological systems. It is thus highly desirable to develop non-TM half metallic materials, especially if the half metallicity can be a byproduct of the existing electronic materials. To this end, it is quite encouraging to see that nanoscale zigzag graphene ribbons would show half metallicity under high in-plane homogeneous electric field [7] , as graphene ribbons could be an ideal conducting material for future nanoelectronic applications [8] . However, intrinsic half metallicity without any external con-
straints is yet to be demonstrated and more desirable in many practical applications.
In searching for intrinsic half metallicity in main group semiconductors, we note that boron nitride (BN) nanoribbons may hold high promises. BN nanotubes (BNNTs), hexegonal h-BN, and nanoribbons (BNNRs) are the III-V analogues of the widely studied carbon nanotubes (CNTs), graphite, and graphene nanoribbons (GNRs). Different from their carbon counterparts, however, the BNNTs have a nearly constant band gap independent of radius and chirality [9] . The h-BN is, on the other hand, a wide gap semiconductor. Single layer h-BN has been successfully fabricated on the surfaces of metals [10] . The BNNRs are expected to be produced straightforwardly by using single layer h-BN as the starting material, but should have very different physical properties from those of h-BN due to quantum size and symmetry effects, and, as will be shown below, due to unexpected edge effects.
More importantly, the properties of the BNNRs may also be qualitatively different from those of the GNRs, because of the relatively large ionicity and significantly larger band gap of the h-BN.
In this paper, we predict intrinsic half metallicity in BNNRs with zigzag edges (ZBNNRs) by first-principle calculations. The half-metal energy gap for ribbons with passivated boron edge is as high as 0.38 eV (about 15 times larger than k B T at T = 300 K). This does not require any applied external electric field, in contrast to the graphene ribbons. Our analysis reveals that the half metallicity is originated from an interesting interplay between the nitrogen edge dangling bond state and the occupied nitrogen lonepair state, which is absent in the graphene systems. The crossing between the two states defines the Fermi level and hence the degree of half metallicity. The intrinsically different molecular orbital origins of the two states further suggest a switch of the carrier velocity across the Dirac point that is awaiting for experimental verification. The integration of half metallicity (at the ribbon edge) with widegap semiconductivity (of the ribbon backbone) also opens new application potentials whose full extent is yet to be explored.
The ZBNNRs we considered are schematically illustrated in Fig. 1 , which are hexagonally bonded honeycomb ribbons consisting of B and N atoms with zigzag terminated edges under various passivations. In accordance with the previous convention [11] , here the ZBNNRs are labeled by the number of parallel zigzag chains, which defines the width of the ribbon.
The ZBNNR with n B-N chains is thus named as n-ZBNNR. For ZBNNRs, the outmost atoms at one edge (namely, the B-edge) are all B atoms, whereas the outmost atoms at the other edge (namely, the N-edge) are all N atoms. In terms of hydrogen passivation of the edges, the ZBNNRs are further divided into four subgroups [ Fig. 1 Our calculations were performed by using the density functional theory [12] within the local spin density approximation (LSDA). In particular, we used the Vanderbilt planewave ultrasoft pseudopotential [13] , with a 450-eV cutoff energy, and the Ceperly-Alder exchangecorrelation potential [14] . We adopted a supercell geometry for isolated BNNR sheet in which each two adjacent sheets are separated by at least 11Å. For n-ZBNNRs, the supercell contains n [ Fig. 1 is passivated [ Fig. 1(b) ]. The band structures of the 8-ZBNNR-HB are depicted in Fig.   2 (a) and (b), which show marked differences in the spin states: the spin-down electrons are metallic with two bands (α and β) crossing each other at the Fermi level, while the spin-up ones are insulating due to the existence of a band gap as large as 4.5 eV. Thus, charge transport are totally dominated by the spin-down electrons [see the DOS in Fig. 2(c) ], and current flow in such a system should be completely spin-polarized. The half-metal gap, defined as the difference between the Fermi level and topmost occupied spin-up band, is 0.38 eV. This value is comparable to that of half-metallic graphene nanoribbon under high electric field [7] , and is large enough for room-temperature operation. In Fig. 2(d) and (e), we plot the partial charge density of the α and β bands (at the characteristic X point).
One can see that the α and β bands are almost entirely localized on the N edge. All the ZBNNRs-HB, regardless of their width, have a similar band structure.
In order to understand the band crossing responsible for the half-metallicity of ZBNNRs- HB, we have studied how passivation at the N edge affects the electronic structure. With H passivation, the α band shifts down considerably to reside inside the valence band, while the β band is very much unchanged and is hence still above the top of the valence band. The projected density of states (PDOS) of the two bands show that the α band is predominantly composed of the nitrogen p y and s atomic orbitals, while the β band is composed almost completely of the nitrogen p z atomic orbitals. In other words, the α band is a dangling bond state at the N edge, and is hence strongly affected by the passivation. In contrast, the β band is the usual lonepair state of threefold coordinated nitrogen, and is by-in-large unaffected by the passivation. The wavefunctions of the α and β bands have different symmetries: being symmetric and anti-symmetric, respectively, with respect to the basal plane of the BN sheet.
These explain why the α and β bands in Fig. 2(b) cross each other without having to create a band gap. If we bend the BN sheet or apply an electric field along the z-direction to break such a mirror symmetry, however, the α band will mix with the β band, but the total energy of the system also increases. For example, when the 8-ZBNNR-HB ribbon is bent to 90
• around the x axis, the total energy increases by 0.2 eV per unit cell. We have checked the spin-up α ′ and β ′ bands below the Fermi level to find that they too have the same atomic characters of the spin-down α and β bands.
An essential factor underlying the observed half metallicity is the splitting of the spin states. In fact, Fig. 2(f) shows that the ground state of the ZBNNRs-HB is ferromagnetic with a magnetic moment of 1 µB per edge N atom. The calculated magnetic interaction is quite large: for instance, the ferromagnetic phase is 0.10 eV per edge N atom more stable than the anti-ferromagnetic phase, and is also 0.17 eV per edge N atom more stable than the nonmagnetic phase. Importantly, these energy differences are independent of the ribbon width n when n ≥ 5. A relatively large distance (2.49Å) between any two adjacent edge N atoms implies that no edge reconstruction has taken place, and there is thus one dangling bond per edge N atom. From such an analysis, we conclude that magnetism is a result of the exchange interaction between dangling bond electrons. Similar magnetic ordering in a dangling bond network was also observed on partially hydrogenated Si(111) surfaces [16] .
An obvious concern with the above discussion is the LDA band gap error, which in principle could change the qualitative band structure near the Fermi level in Fig. 2(b) . To address such a concern, we have calculated 3-ZBNNR-HB with the GW approximation [17] by using the ABINIT code [18] . The results show that the system remains to be halfmetallic with band crossing at the Fermi level, despite significant quasiparticle corrections to the LDA band structure, particularly in the conduction bands [19] .
In recent years, graphene has emerged as a new model system in materials science and condensed matter physics due to its novel physical properties [20] . For example, graphene is the first material where electron transport was found to be governed by the relativistic Dirac equation: namely, energy dispersion E(k) with respect to wavevector k is linear, so that charge carriers mimic the relativistic quasiparticles with zero rest mass (the so-called Dirac fermions) and travel with an effective "speed of the light", v = E/k, on the order of ∼ 10 6 m/s [21] . Thus, it is important that our ZBNNRs-HB also exhibits such an unusual 6 massless Dirac-fermion behavior. Due to the intrinsic difference between the α and β bands, however, the two bands at the crossing point will have different slopes, corresponding to different v's. This, combined with the unique one-dimensional characteristics of the edge states, suggests new physics that cannot exist in the graphene systems with "symmetric" energy dispersion.
When the N-edge, and only the N-edge, is passivated, the system, ZBNNRs-HN, behaves qualitatively different. Figure 1c shows that here a dimerization of the boron atoms at the bare B-edge takes place spontaneously to lower the energy by 0.27 eV/dimer. The system is no longer spin-polarized, but semiconducting with a gap of 1.44 eV as shown in Fig. 3(a) . Dimerization is crucial for the disappearance of half metallicity. If we prohibit the dimerization by artificially using a unit cell that contains only n B (N) atoms as those in Fig.   1 (a) and (b), the half metallicity and ferromagnetic behaviors will reappear. For pristine ZBNNRs with no edge passivation, edge B atoms will dimerize but edge N atoms will not, as shown in Fig. 1(d) . This system is also half metallic but with a negligible half-metal energy gap of only 0.08 eV (see Supplementary Material for details of the band structure [19] ).
When both edges are passivated, on the other hand, the system, e.g., ZBNNR-2H in Fig.   1(a) , is nonspin-polarized and has a wide band gap. Our results here qualitatively agree with the earlier work by Nakamura et al. [24] .
To experimentally realize half metallicity in ZBNNRs, two key issues must be addressed:
(1) The choice of the substrate. Chemical activity of the available substrates is often diverse, which should be utilized to advance our course. For example, if one wishes to minimize the influence of the substrate, an inert substrate should be used as was the case in fabricating single layer h-BN [10] . (2) Selective passivation. In the current study, hydrogen has been used as the passivant for its simplicity. The drawback of using H is clear as the selectivity 7 can be rather poor. To optimize the selectivity, one might make good use of the chemical difference between B and N. For example, a more electronegative passivant such as F may be superior for boron passivation to yield the desired half metallicity but may not work at all for nitrogen passivation.
In summary, first-principles study reveals half metallicity in ZBNNRs. Specifically, boron edge passivated nanoribbons, ZBNNRs-HBs, is a half-metal with a half-metal gap of 0.38 eV.
Non-d ferromagnetism and completely spin-polarized current transport may thus be possible.
Nitrogen edge passivated nanoribbons, ZBNNR-HN are, on the other hand, nonmagnetic and semiconducting. These unique properties, especially the half-metallicity, make the BN nanoribbons attractive candidate for nanoscale widegap spintronics such as spin-injection electrode, nano memory elements, and nano transistors.
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